Abstract The use of lignocellulosic residues for ethanol production is limited by toxic compounds in fermenting yeasts present in diluted acid hydrolysates like acetic acid and 2-furaldehyde. The respiratory deficient phenotype gives the cell the ability to resist several toxic compounds. So the aim of this work was to evaluate the tolerance to toxic compounds present in lignocellulosic hydrolysates like acetic acid and 2-furaldehyde in Pichia stipitis and its respiratory deficient strains. The respiratory deficient phenotype was induced by exposure to chemical agents such as acriflavine, acrylamide and rhodamine; 23 strains were obtained. The selection criterion was based on increasing specific ethanol yield (g ethanol g -1 biomass) with acetic acid and furaldehyde tolerance. The screening showed that P. stipitis NRRL Y-7124 ACL 2-1RD (lacking cytochrome c), obtained using acrylamide, presented the highest specific ethanol production rate (1.82 g g -1 h -1
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Introduction
Boris Ephrussi and colleagues in 1949 discovered respiratory deficient (RD) phenotype strains, also known as petite yeasts because the colonies are comparatively small [1] . Cytochromes a ? a 3 and b had been damaged, so that the respiratory chain was not functional [1] . RD phenotype occurrence is around 2-3 % by the end of alcoholic fermentation, but this phenotype becomes reversible to the respiratory competent parental yeast in almost all cases [2, 3] . Recently, it had been established that the use of respiratory deficient phenotype could be an option to increase process efficiency using S. cerevisiae ITV-01 [4] . Ethanol is a sustainable alternative to petroleum-based fuel. Current technologies make use of lignocellulosic biomass inefficient for ethanol production. These technologies have several challenges; one of them is the need for a robust fermentative microorganism that can tolerate the inhibitors present during lignocellulosic fermentation [5, 6] .
To release fermentable sugars from lignocellulose biomass, a weak acid pre-treatment step is often employed. However, this process generates fermentation inhibitors including 2-furaldehyde (furfural, a xylose degradation product) and acetic acid [5] .
To protect themselves, yeast reduces this furan aldehyde to its less toxic alcohol derivative (furan methanol) in an NAD(P)H-dependent reaction. This conversion occurs during the growth lag phase when ethanol production and many enzymes are inhibited. Once furfural is reduced, growth resumes [5] . The reduction probably affects the redox balance of the cells, resulting in decreased glycerol production [6] . In addition to detoxifying the furan aldehyde, yeast cells must survive its toxic effects and repair any damage caused [5] .
Acetic acid is released upon hemicellulose solubilisation and hydrolysis [6] . Also, it is one of the secondary products in alcoholic fermentation and has been reported as a stuckcausing agent in several ethanol fermentations. Elsewhere it has been reported that it could modify cell morphology [7] . Acetic acid causes a decrease in fermentation rate with a drop in internal pH, a parameter not dependent on the concentration of total external acetic acid but only on the concentration of the undissociated form of the acid [8] . However, acetic acid significantly affects both specific growth and ethanol production rates, and this effect can be modelled by the Levenspiel relation [7] .
Because the respiratory deficient phenotype gives the cell the ability to resist several toxic compounds [9, 10] it could be suggested that respiratory deficient yeasts should be more tolerant to furfural or acetic acid. The aim of this work was to obtain respiratory deficient strains of P. stipitis NRRL Y-7124 and to evaluate their furfural and acetic acid resistance, and their ethanol production capacity.
Materials and methods

Microorganism
P. stipitis NRRL Y-7124, supplied by the American type Culture Collection, was employed in this study.
Induction of respiratory deficient phenotype
The induction was performed using the method used previously [4] with the following modifications. The respiratory deficient phenotype was induced by exposure to chemicals agents: acriflavine, acrylamide and rhodamine. The method for inducing the RD phenotype was as follows: first the yeast was activated for 12 h in an Erlenmeyer flask using 60 g L -1 glucose-based medium (preculture and kinetic medium). After that, in another flask, 50 mL of the same culture medium were inoculated with 6 9 10 6 viable cells mL
. The same inoculate size was employed to induce the respiratory deficient state using acriflavine, acrylamide and rhodamine (2, 5 and 8 lg mg -1 , respectively), two incubations of 24 h each. Petri dishes were prepared using the three-culture media: glucose-based, glycerol-based and differential medium (see below). Petite colonies were regrown on differential media, and when a pure culture was obtained, they were grown again in the three-culture media (conservation, differential and glycerol). , respectively). The initial pH was adjusted to 5.5 using 85 % v/v orthophosphoric acid. The preculture was made in a 250-mL Erlenmeyer flask with 100-mL liquid medium, stirred at 150 rpm. After inoculation, each Erlenmeyer flask was incubated at 30°C for 24 h. Two precultures were prepared to obtain the inoculum.
Differential medium
A differential medium proposed previously [11] in which the respiratory deficient mutants become coloured was used. The composition was as follows: glucose, casein peptone, yeast extract, KH 2 PO 4 , (NH 4 ) 2 SO 4 and agar (20, 1.5, 1.5, 1.5, 1.5 and 20 g L -1 , respectively). The trypan blue (18 ppm) and eosin Y (12 ppm) were added after sterilization under aseptic conditions.
Glycerol-based medium
A glycerol-based medium containing glycerol, yeast extract, casein peptone and agar (20, 10, 10 and 20 g L -1 , respectively) was employed to test the inability of respiratory deficient mutants to grow on non-fermentable substrates.
All the above culture media were sterilized for 15 min at 121°C.
Screening conditions
Fermentations were carried out in 250-mL Erlenmeyer flasks with 100-mL medium, agitation fixed at 150 rpm (New Brunswick Scientific classic series C24KC Refrigerated Incubator Shaker Edison NJ, USA). The flasks were inoculated with 6 9 10 6 viable cells mL -1 and they were not sealed, so oxygen was not limited. All experiments were made in duplicate.
Analytical techniques
Yeast growth was measured by direct count using a Thoma Chamber and a correlation optic density (620 nm) against cell dry weight was performed [12] . The viability was obtained by the methylene blue staining method [13] . In addition, the culture medium was centrifuged for 10 min at 10,000 rpm (Eppendorf Centrifuge 5424, Germany). The supernatant was stored at -20°C until analysis. Glucose, glycerol and ethanol were measured by a Waters 600 highperformance liquid chromatograph (TSP Spectra System, Waters, Milford, MA, USA) using a Shodex SH1011 column (8 9 300 mm). The column was maintained at 45°C, and the mobile phase was 10 mM H 2 SO 4 with a flow rate of 0.6 mL min -1 using an Index Refraction detector (Waters 2414, TSP Refracto Monitor V, Waters, Milford, MA, USA). Yeast absolute spectrum was performed according to Claisse et al. [14] to ascertain which cytochrome was affected by the mutagenic agent.
Results and discussion
Induction of respiratory deficient phenotype
The exposure to chemical mutagenic agents such as acriflavine (ACF), acrylamide (ACL) and rhodamine (RHO) induced 8, 8 and 7 respiratory deficient strains, respectively. These were able to grow on glucose media, producing petite colonies but unable neither to grow on glycerol-based media nor to become coloured on differential media, a previously established criterion to identify RD strains [1, 3, 15] .
Screening for ethanol production
To select RD strains, which exhibited better characteristics than the wild-type yeast, a screening of the 23 strains was performed in a 250-mL Erlenmeyer flask with 100-mL culture media in duplicate at 30°C and 150 rpm agitation.
The biomass yield was lower in almost all the mutants tested. Only the ACF5-2 strain was able to reach a yield statistically equivalent to the respiratory competent yeast (Table 1) . These results agree with those previously obtained by Ortiz-Muñiz et al. [4] that suggest that the RD phenotype affects biomass production as a consequence of diminishing oxidative metabolism. Meanwhile the substrate consumption in all yeasts was [95 %. On the other hand, ethanol yield in every case in this study was not higher than the wild-type yeast (Table 1) , which disagrees with results previously reported using Saccharomyces strains [4, 16] but they agree with those reported for Pichia strains [9] . These differences could be due to the presence of the Pasteur effect in Saccharomyces and its absence in Pichia strains. However, some of the strains maintain an ethanol yield similar to the parental one. Specific ethanol yield greater than the wild-type yeast (8.72 ± 0.20 g ethanol g biomass -1 ) was obtained with the ACF2-1, ACF2-3, ACF5-3, ACF8-1, ACF8-2, ACF8-3, ACL2-1, RHO2-1, RHO2-3, RHO5-2, RHO8-1 and RHO8-3 strains. The selection criteria were for either strains with specific ethanol yields [10 g ethanol g biomass -1 or strains with a specific ethanol production rate greater than twice the wild-type yeast. For these 12 strains, only ACF2-1, ACF8-2, ACF8-3, RHO2-1 and RHO2-3 strains were selected according to the first criterion; the ACL2-1 strain was selected due to the second criterion because specific ethanol production rate was 2.6 times greater than the parental one (1.87 and 0.72 g ethanol g biomass h -1 , respectively). To corroborate if the RD mutation in these six strains varied or changed cytochrome composition, absolute spectra of each RD strain and the parental one were performed. The results obtained of absolute spectra analysis (Table 2) showed that ACF8-2, ACL2-1, ROD2-1, ROD2-3 strains are lacking in cytochrome c (the electron transporter from complex III to complex IV on the mitochondrial electronic transport chain). On the other hand, the ACF8-3 strain lacks cytochrome b and the ACF2-1 strain cytochrome a ? a 3 . These results indicate oxidative metabolism saturation leading to the stimulation of alcoholic fermentation (fermentative metabolism). For the following experiments, only the strains lacking cytochrome c were employed.
Acetic acid tolerance
Kinetics of the wild-type yeast and the four strains previously selected were performed at different initial acetic acid concentrations (0, 1, 2, 3, 4 g L -1
) to evaluate acetic acid tolerance. An exponential negative model (X = X 0 e -kt ) and a Levenspiel model (X = X 0 [1-P/P c ] n ) were employed. These models were adjusted using the Gauss-Newton method to diminish the error sum of squares. The k (acetic acid sensitivity) and P c (acetic acid critical concentration) values were obtained.
The wild-type yeast showed higher acetic acid sensitivity (0.82) than Brettanomyces bruxellensis (0.52) and Saccharomyces cerevisiae (0.20) [7, 17] . All RD strains of P. stipitis NRRL Y-7124 showed similar sensitivity, with greater sensitivity than the parental strain. Previously, it was found that the RD phenotype could diminish acetic acid tolerance in S. cerevisiae ITV-01 B14 RD [18] . However, that phenomenon was not found in P. stipitis NRRL Y-7124 (See Table 3 ). In addition, the P c value for the parental strain (4.18 g L -1 ) was greater than that found for ACL2-1, ACF8-1, RHO2-3 (2.26, 2.79 and 3.21 g L -1 , respectively). These values are quite similar. The ACF8-3 RD strain, on the other hand, exhibited a P c value of 7.08 g L -1 indicating that an improvement in acetic acid tolerance could be reached by the use of a respiratory deficient phenotype. Nevertheless, further studies should be carried out to understand this relationship.
2-Furaldehyde tolerance
To evaluate 2-furaldehyde effects, four different initial 2-furaldehyde concentrations (0, 0.5, 1.5 and 2.5 g L -1 ) were tested; all experiments were made in duplicate. Results show that the duration of P. stipitis NRRL Y-7124 lag growth phase increased from 5 to 15 h when initial 2-furaldehyde concentration was 0.5 g L -1 in culture medium (Fig. 1) . No growth was found at 1.5 g 2-furaldehyde L -1 . Also ethanol production decreased dramatically when 
where X e and X 0 , are the biomass production with and without 2-furaldehyde. The percentage of ethanol production inhibition was calculated as:
where P e and P 0 , are the ethanol production with and without 2-furaldehyde. The results showed that wild-type yeast is the most sensitive to 2-furaldehyde. Meanwhile, ACF8-1 and RHO2-3 strains are able to grow with up to 1.5 g L -1 2-furaldehyde in the culture medium with a growth inhibition of up to 23 %. It could be interesting to evaluate the RHO2-3 strain on lignocellulose hydrolysates because it exhibits 22 % less ethanol production inhibition (Fig. 2) than the other RD strains evaluated (from 55 to 100 % at 1.5 g L -1 2-furaldehyde). The RHO2-3 strain, produced by exposure to rhodamine, a non-specific mutagenic chemical compound that alters mitochondrial DNA, exhibited an increase in 2-furaldehyde tolerance, suggesting that damage to respiratory capacity could somehow affect the ability to tolerate 2-furaldehyde.
Conclusions
Of the 23 respiratory deficient strains obtained from P. stipitis NRRL Y-7124 (eight from using acriflavine, eight rhodamine and seven acrylamide), no strain obtained an ethanol yield [(g ethanol)Á(g substrate) 1 ] greater than the wild type.
The screening showed that P. stipitis NRRL Y-7124 ACL 2-1 (lacking cytochrome c), obtained using acrylamide, presented the highest specific ethanol production rate (1.82 g g -1 h -1 ). Meanwhile, the ACF8-3 RD strain showed the highest acetic acid tolerance (7.80 g L -1 ) and the RHO2-3 RD strain was able to tolerate up to 1.5 g L -1
2-furaldehyde with a growth and ethanol production inhibition of 23 and 22 %, respectively.
Current ethanol production technologies from lignocellulosic biomass could be improved by the use of RD yeasts because specific ethanol yield and specific ethanol production rate are increased as well as tolerance to acetic acid and 2-furaldehyde.
The respiratory deficient phenotype confers attributes that could be interesting for ethanol production using lignocellulose residues because it could increase the tolerance to toxic compounds like acetic acid and 2-furaldehyde. Further studies should be carried out to understand all the phenomena involved. The respiratory deficient phenotype could be used as a strategy for ethanol production improvement. ): 0 (filled circles); 0.5 (squares); 1.5 (unfilled circles) and 2.5 (triangles)
